The effectiveness of foliar fertilization to re-green chlorotic leaves in iron-deficient pear trees has been studied. Trials were made to assess the influence of (i) the level of Fe deficiency, (ii) the leaf surface treated (adaxial or abaxial), and (iii) two different surfactants, L-77 and Mistol. Treatments were ferrous sulphate alone, ascorbic, citric and sulphuric acids, applied either alone or in combination with ferrous sulphate, Fe-DTPA and water as a control. Solutions were applied with a brush and leaves were treated twice each year. None of the treatments caused a full recovery from Fe deficiency chlorosis. Treatments containing Fe caused the largest re-greening effects, and FeSO 4 had a similar re-greening effect to Fe(III)-DTPA. Increases in leaf Chl were more pronounced with abaxial leaf surface applications and in severely deficient leaves. Using Fe(III)-DTPA in foliar sprays does not seem to be justified, since their effects are not better than those of FeSO 4 . The joint use of Fe(III)-DTPA and L-77 and that of FeSO 4 and citric acid do not seem to be suitable. With a single foliar application, FeSO 4 combined with acids gave slightly better results than FeSO 4 alone. Acidic solution applications without Fe may be effective in alleviating chlorosis in some cases, especially in the case of citric acid. In the current state of knowledge, foliar fertilization cannot offer yet a good alternative for full control of Fe chlorosis, although its low environmental impact and cost make this technique a good complementary measure to soil Fe-chelate applications and other chlorosis alleviation management techniques.
Introduction
Iron deficiency chlorosis is one of the most important abiotic stresses in fruit trees grown in calcareous or alkaline soils, very common in Mediterranean areas. Crops affected by Fe chlorosis include apple, apricot, peach, pear, plum, cherry, grape, almond, olive and citrus (Sanz et al., 1992) . The most obvious effect of Fe chlorosis in higher plants is the decrease in leaf photosynthetic pigment concentrations, especially chlorophyll (Chl) (Abadía and Abadía, 1993) . Farmers * FAX No: +34 976 716145. E-mail: mabadia@eead.csic.es not using fertilization with Fe compounds face large losses in fruit yield and quality Tagliavini et al., 2000; Tagliavini and Rombolà, 2001) and, in the long term, early tree death (Sanz et al., 1992) . The economic cost of Fe treatments to control Fe deficiency is very high. In the Ebro river basin area, a large agricultural area in northeastern Spain, approximately 45,000 ha of orchards are treated with Fe-chelates, with a total cost of approximately 25 million euro per year (Sanz et al., 1992) . Pear is one of the fruit tree species most affected by Fe chlorosis is this area. Approximately 67% of pear orchards in this area (over 13,200 ha) are currently being treated every year with Fe-containing compounds to control chlorosis.
The best way to overcome iron chlorosis could be the use of tolerant rootstocks (Socias i Company et al., 1995) . Not too many rootstocks, however, are available for susceptible fruit species. Therefore, correction of chlorosis is generally carried out by soil application of synthetic Fe(III) chelates, which are usually quite effective (Chen and Barak, 1982) . These synthetic products, however, are expensive and could be applied only to high value crops. Iron chelates are usually applied every year to the trees, because they are very soluble and could be easily leached out of the root zone. Also, some synthetic Fe(III) chelates such as Fe-EDDHA, Fe-EDDHMA, Fe-EDDHSA and Fe-EDDCHA contain significant amounts of potentially polluting compounds (Cremonini et al., 2001; Álvarez-Fernández et al., 2002) ; both chelates and impurities may reach the groundwater, thus being a source of contamination. Therefore, more environmentally-friendly alternatives to synthetic Fe(III) chelates are desirable.
Foliar fertilization could maintain a good tree nutrient status when the availability of soil nutrients is limited (Weinbaum, 1988) . Iron could be applied to foliage in different chemical forms, including chelates and inorganic Fe salts (Abadía et al., 2002) . Also, foliar applications of other substances not containing Fe but promoting the increase of physiologically active Fe concentrations in Fe-chlorotic leaves have been recently proposed (Tagliavini et al., 1995 Rombolà et al., 2000) , on the basis that some physiologically inactive Fe pools occur in chlorotic leaves. These Fe pools are potentially subject to remobilization (Kosegarten and Englisch, 1994; Mengel, 1995; Tagliavini et al., 1995 Tagliavini et al., , 2000 Morales et al., 1998) and may be caused by high apoplast pH in the leaf mesophyll, as proposed by Kosegarten et al. (2001) and Mengel et al. (1994) . High pH may lead to precipitation of Fe(III) compounds such as Fe phosphate or hydroxide or to tight binding of Fe(III) ions to the cell wall (Bienfait and Scheffers, 1992) . Therefore, Fe chlorosis could be controlled through foliar application of substances that decrease apoplastic leaf pH, such as sulphuric or citric acids (Dungarwal et al., 1974; Sahu et al., 1987; Tagliavini et al., 1995 Tagliavini et al., , 2000 Rombolà et al., 2000; Kosegarten et al., 2001) .
The objective of this paper was to study the effects of foliar applications of different compounds on the re-greening of Fe-deficient pear trees under field conditions. We used two different types of treatments, (i) acidic solutions and (ii) two different Fe sources (Fe(II) sulphate and a synthetic Fe(III)-chelate). Other factors that could affect foliar nutrient uptake, such as the localization of the treatment (abaxial or adaxial leaf sides), the addition of surfactants and the influence of the initial level of Fe chlorosis, were also investigated.
Materials and methods

Plant material
Field experiments were carried out in 1995 (Trial 1) and 1996 (Trials 1 and 2). Pear trees (Pyrus communis L., cv. Blanquilla, grafted on quince A, 20-year-old) were grown in an orchard in the experimental farm of the 'Servicio de Investigación Agroalimentaria' of the 'Diputación General de Aragón' in the Aula Dei Campus, located close to de Gállego river, in north-eastern Spain. Soil was calcareous (Typic xerofluvent, clayishloamy texture, with 31% total CaCO 3 , 9.9% active CaCO 3 , 7 mg kg −1 DTPA-extractable Fe, 2.86% organic matter, and a pH of 8.0). Usual leaf Fe concentrations in this pear orchard are approximately 140 and 170 µg g −1 dry matter in leaves of severely chlorotic and Fe-sufficient trees, respectively (Morales et al., 1998) . In separate experiments we have found that in tree leaves treated with foliar sprays Fe concentrations increased 3-to 4-fold, up to 300-400 µg Fe g −1 dry weight.
Chlorophyll measurement
Leaf Chl concentrations were monitored with a SPAD Chl meter (Minolta 502, Osaka, Japan), before treatments were applied and then several times (15 and 20 times for trials 1 and 2, respectively) during the following two months. For calibration, leaf discs with different degrees of Fe deficiency were first measured with the SPAD Chl meter and then extracted with 100% acetone in the presence of Na ascorbate. Chlorophyll was measured in the extracts spectrophotometrically (Abadía and Abadía, 1993) . SPAD reading and leaf Chl concentration were highly correlated (r 2 = 0.96; P < 0.001; Figure 1 ). Chlorophyll concentrations lower than 50 µmol m −2 (SPAD values lower than 10) should be interpreted with caution because the SPAD vs. Chl concentration curve is not linear (Figure 1) . 
Trial 1
The objectives of this experiment were to study (i) the effects of foliar applications of different compounds on the re-greening of leaves from Fe-deficient pear trees, and (ii) the influence of the initial Fe chlorosis level on the response to foliar treatments. Moderately and severely Fe-deficient, fully expanded young leaves (Chl concentrations of 180-320 and below 65 µmol m −2 , respectively) were selected and randomly assigned to the treatments. Leaves of pear trees soil-fertilized with Fe chelates usually have 400-600 µmol Chl m −2 (Morales et al., 1994) . Treatments were FeSO 4 alone (500 mg Fe L −1 ), diluted ascorbic, citric and sulphuric acids (2, 2 and 0.55 g L −1 , respectively), applied to leaves either alone or in combination with FeSO 4 (500 mg Fe L −1 ), a synthetic Fe(III)-chelate (119 mg Fe L −1 as Fe(III)-DTPA, Sequestrene 330 from Ciba-Geigy S.p.A., Origgio, Italy) and water as a control. The chelated Fe treatment was used only in 1996. In all cases, including water controls, 0.1% (v/v) of a surfactant (Mistol, from Henkel Iberica, S.A., Barcelona, Spain, containing 5-10% anionic agents and < 5% non-ionic agents) was added as a wetting agent. All treatments (four replicates each) were applied to both sides of the leaf with a brush until full wetting of the leaf surface was attained. Leaves were treated twice each year (July 16 and August 11 in 1995 and July 15 and September 18 in 1996).
Trial 2
In this experiment we assessed the influence of treating the leaf adaxial or abaxial sides and the utilization of two different surfactant agents on the recovery of the foliar-treated Fe-deficient leaves. Severely Fe-deficient, fully expanded young leaves (Chl concentrations below 65 µmol m −2 ) were selected and randomly assigned to the treatments (four replicates each). Treatments were the commonly used Fe chelate Fe-DTPA (119 mg Fe L −1 of Fe(III)-DTPA, Sequestrene 330 from Ciba-Geigy S.p.A., Origgio, Italy) and other selected among those providing good results in the 1995 Trial 1: FeSO 4 alone (500 mg Fe L −1 ), citric acid (2 g L −1 ), applied either alone or in combination with FeSO 4 (500 mg Fe L −1 ), and water as a control. Surfactants tested were 'L-77', a silicon block copolymer (dimethyl polysiloxane), and the household liquid detergent Mistol (from Henkel Iberica, S.A., see above) both at rates of 0.1% (v/v). Solutions were applied either to the abaxial or the adaxial side of the leaves until full wetting of the leaf surface was attained. Also, in a separate experiment, treatments were given to both leaf sides, only with or without Mistol. All treatments were applied with a brush on July 12 and September 16, 1996.
Statistical analysis
Data were statistically evaluated by analysis of variance (ANOVA) to assess the significance of the main factors and the significance of interactions. Means were also compared using Duncan's test at P < 0.05 in order to find significant differences due to the treatments.
Results
Trial 1
Severely Fe-deficient leaves. Leaves with a Chl concentration of approximately 50 µmol m −2 were treated in 1995 with water but did not survive after a few days ( Figure 2A ). In 1996, similar water-treated leaves did only survive until julian day 227 (Figure 2B) . Foliar applications of FeSO 4 alone caused significant leaf Chl concentration increases, up to 115 and 264 µmol m −2 in 1995 and 1996, respectively (Figure 2A, B Table 1 ).
When FeSO 4 was added in combination with acids, treatments were more effective in correcting chlorosis than those made with acids only (Table 1) . After two foliar sprays, the effects of FeSO 4 plus acids treatments (Figures 2C-H Table 1 ), for ascorbic, citric and sulphuric acids, respectively. Therefore, the addition of FeSO 4 improved effectiveness to a lesser extent in the case of citric acid than in the case of ascorbic and sulphuric acids, possibly because citric acid alone treatment was the best among all acid-only treatments used.
Considering the first foliar application, the regreening effects of the Fe-only treatment on severely chlorotic leaves was somewhat smaller than that of Fe plus acids (leading to approximately 100, 110 to 180, Figure 3B ; Table 1 ). Acid treatments with or without FeSO 4 were moderately effective in correcting chlorosis in moderately Fe-deficient leaves (Figures 3C-H; Table 1 ). In 1995, however, leaves treated with ascorbic acid alone had a large SPAD reading increase after the first application, whereas the ascorbic acid plus FeSO 4 treatment led to SPAD reading changes much smaller. This effect did not occur in 1996, and apparently involved a reversible leaf browning process, not related to Chl synthesis. This process, whose origin is still unknown, occurs sometimes with the applications of ascorbate and induces artifactually high SPAD readings. Because of this effect, often observed in other experiments, ascorbate was not included in trial 2.
Trial 2
Those treatments causing the best re-greening effects in the first part of Trial 1 in 1995 were used in 1996 in Trial 2, along with Fe-DTPA, to assess the influence of the utilization of surfactants. All treatments caused some re-greening of severely Fe-deficient leaves, with those containing Fe being better than citric acid alone, although differences between treatments were only statistically significant with surfactant (Table 2) . When treatments were applied to both sides of the leaf, the incorporation of the surfactant Mistol to the solution improved markedly the re-greening effect obtained for all the Fe-containing treatments, whereas it had no effect with the citric acid treatment (Table 2 ). This remarks that the use of a cheap surfactant such as Mistol could be crucial for the success of the sprays with Fe salts or chelates. Iron sulphate performed better than the Fe chelate in the presence of surfactant. A significant interaction between treatments and the presence of surfactants was noted for Chl level at the end of the experiment (P < 0.01; Table 2 ). All treatments produced leaf re-greening in a spot-like manner, with leaf areas fully re-greened and other less green.
Treatments were also applied only to the abaxial or adaxial leaf sides using two different surfactants (Figure 4 ; Table 3 ). Generally, the effects of treating only one leaf side were less marked than those obtained treating both sides. A significant interaction for treatments, type of surfactant and the leaf side treated was noted for Chl level at the end of the experiment (P < 0.01; Table 3 ). Iron sulphate always caused marked increases in leaf Chl, and was much more effective when applied on the abaxial than on the adaxial side, irrespective of the surfactant used (Figures 4A, B ; Table 3 ). When FeSO 4 was applied to the abaxial surface only, results were slightly better with L-77 than with Mistol, whereas both surfactants were similarly One-way ANOVA for leaf side treated: * * P < 0.01, * P < 0.05, ns = not significant. b One-way ANOVA for treatment: * * P < 0.01, * P < 0.05. c Two-way ANOVA: * * P < 0.01, * P < 0.05, ns = not siginificant. Means followed by different letters in the same column are significantly different (P < 0.05). A significant interaction (P < 0.01) for surfactant, treatment and leaf side treated factors was noted as well as for leaf side treated and surfactant (P < 0.05) and for surfactant and treatment (P < 0.01). effective in adaxial side treatments. Iron(III)-DTPA treatment was most effective when used in combination of Mistol and on the abaxial leaf side ( Figure 4C , open circles; Table 3 ). Treatments with Fe(III)-DTPA on the adaxial side with any of the surfactants and on the abaxial side in combination with L-77 were only moderately effective (Figures 4C, D) . It should be, noted, however, that Fe(III)-DTPA treatments made to one side of the leaf in trial 2 were always less effective than those made to both sides of the leaf in trial 1 ( Figure 2B ; grey solid circles). Citric acid caused a slight leaf Chl increase when applied to the abaxial side with L-77 ( Figure 4F ), whereas did not increase leaf Chl when applied to the adaxial side with L-77 ( Figure 4F ) and when mixed to Mistol and applied to both leaf sides ( Figure 4E ). It should be noted, however, that leaves treated with citric had low but stable leaf Chl concentrations during the season and final leaf Chl concentrations were generally similar to those obtained with Fe(III)-DTPA and L-77 (Table 3) .
Treatments with citric acid and FeSO 4 were generally more effective when applied to the abaxial side, independently of the surfactant used ( Figures 4G, H) , although differences between adaxial and abaxial side treatments were smaller than those found in the case of FeSO 4 applied in the absence of citric acid. This was mainly due to a decrease in the effectiveness of 
Discussion
Treatments containing Fe were generally effective in increasing the Chl concentration of Fe-deficient pear leaves. Treatments, however, did not lead to leaf Chl concentrations as high as those found in Fe-sufficient trees, treated with soil Fe chelate applications. Treatments including FeSO 4 were as effective as those containing Fe(III)-DTPA, in good agreement with results reported recently for kiwifruit Tagliavini et al., 2000) . Therefore, using Fe(III)-chelates in foliar spray treatments in pear does not provide any advantage over the less costly and more environmentally friendly Fe inorganic salts. Treatments with Fe were much more effective in severely Fe-deficient leaves than in moderately Fe-deficient leaves. A similar behaviour has been reported for N and Mg foliar applications (Swietlik and Faust, 1984; Weinbaum, 1988) . The effectiveness of the Fe(III)-chelate indicates the existence in pear leaves of a plasma membrane Fe(III)-chelate reductase enzymatic activity, as it occurs in other species (Brüggemann et al., 1993; Larbi et al., 2001 ). The effectiveness of FeSO 4 could be due either to the functioning of the reductase activity, once the applied Fe(II) has been oxidized to Fe(III), or to direct uptake of Fe(II) through a transporter (see below). In a first application, FeSO 4 combined with acids improved to a limited extent the re-greening effect obtained with FeSO 4 alone, conversely to much larger effects reported in groundnut (Singh and Dayal, 1992) .
Treatments including only acids were less effective than those containing Fe. Severely deficient leaves treated with acids, however, were able to survive for months in the field, whereas water-treated leaves did not last for a long time. Also, our results may suggest that at certain developmental stages and chlorosis levels acidic foliar applications may be effective in maintaining or even increasing leaf Chl. Previous research has also indicated that citric and sulphuric acid sprays were effective in re-greening Fe-deficient kiwifruit leaves (Tagliavini et al., 1995) . In that work, however, authors applied acid sprays 3 times during the season and the elapsed time between consecutive applications was 5 days, whereas in our case applications were made twice and the elapsed time was approximately 1 month. Tagliavini et al. (2000) also showed that acid sprays may overcome Fe chlorosis in kiwifruit and peach, but not in pear, where treatments were found to be ineffective. Fruit species may differ greatly in response to foliage-applied Fe chemicals, because of differences in cuticular penetration and other causes (Weinbaum, 1988) . Among the acid-only treatments, a relatively small but significant re-greening effect (at least in 1996) was found when citric acid was applied to both leaf sides. Citrate is involved in long distance Fe transport (López-Millán et al., 2000) and could form Fe-citrate complexes with pre-existing Fe pools (Brüggemann et al., 1993) . Sulphuric acid did not show a long-term re-greening effect, possibly because the lower H + concentration brought about by this acid than with the other acids.
The incorporation of surfactants improved the effectiveness of foliar Fe treatments to control iron chlorosis in pear. This is in good agreement with studies in other fruit species (Wallihan et al., 1964; Levy and Horesh, 1984) . Surfactants have been previously shown to facilitate the penetration of aqueous solutions containing Fe through open stomata in Citrus (Wallihan et al., 1964) . In our experiments the two different surfactants behaved very differently for Fe(III)-DTPA and FeSO 4 . The treatment with Fe(III)-DTPA applied to the abaxial side was more effective in regreening when using Mistol as a surfactant than when using L-77. The origin of this negative interaction between Fe(III)-DTPA and L-77 is unknown. Conversely, with FeSO 4 the surfactant L-77 was somewhat better than Mistol. The effect of citric acid was more pronounced with the surfactant L-77 when applied to the abaxial side. These data indicate that more work is needed to select appropriate surfactants for every Fe source to be applied to the foliage, since complex chemical and/or physiological interactions could be expected.
Treatments were more effective when applied on the abaxial leaf side than on the adaxial one. This may be related to different abundance of stomata and cuticle chemical composition in both leaf sides. Although foliar uptake of water and solutes has been long assumed to occur through the cuticle (Schönherr and Bukovak, 1972) , recent publications have favoured that uptake may occur either through stomata or in areas close to them (Eichert et al., 1998; Burkhardt and Eichert, 2001; Eichert and Burkhardt, 2001) . Pear leaves have a larger number of stomata in the abaxial than in the adaxial side (data not shown).
Several factors may influence the efficacy and usefulness of foliar sprays. First, it is obvious that when significant amounts of pre-existing Fe pools occur, as in the leaves of fruit trees showing the so-called 'chlorosis paradox', acidic solution treatments could be more effective. In the orchard used in this experiment Fe concentrations are approximately 140 and 170 µg g −1 dry matter in severely chlorotic and Fesufficient trees, respectively (Morales et al., 1998) . In young sunflower leaves with low Fe concentrations, acidic treatments were able to decrease apoplast pH but did not result in re-greening (Kosegarten et al., 2001) . On the other hand, the addition of acids to Fe solutions may improve the solubility and chemical stability of applied Fe, as well as the cell Fe uptake through the FC-R enzyme. In this respect the frequency of foliar applications may be also very important, since when acidic solutions are applied several times their effects on decreasing apoplast pH, and consequently improving Fe utilization, could be much better. The regreening effects also depended on the chlorosis degree of leaves and on the time of application, suggesting that treatments could be more effective at certain developmental stages, when apoplastic Fe pools may be larger. Other effects to be considered are the different degree of miscibility of Fe salts and chelates with other agrochemicals, and the possible burning effects of foliar compounds on different crops (see Abadía et al., 2002, and references therein) .
In summary, foliar applications of FeSO 4 caused increases in the leaf Chl concentrations of Fe-deficient pear trees. The effects are more pronounced when applied to the abaxial leaf surface of severely deficient leaves. Using Fe(III)-DTPA in foliar sprays does not seem to be justified, since their effects are not better than those of FeSO 4 . Furthermore, our data indicate the existence of some negative interactions between Fe compounds and co-adjuvants. For instance, the joint use of Fe(III)-DTPA and L-77 and that of FeSO 4 and citric acid do not seem to be suitable. Acidic solution applications without Fe may be effective in controlling chlorosis in some cases. Our data indicate that spray application technologies should be directed to achieve maximum wetting of the abaxial leaf surfaces in pear trees. In the current state of knowledge foliar fertilization cannot offer yet a good alternative for full control of Fe chlorosis, although its low environmental impact and cost make this technique a good complementary measure to soil Fe-chelate applications and other chlorosis alleviation management techniques. Further research is needed to understand the basic uptake mechanisms of Fe by leaves and also on the many factors that could optimise the process, including chemical composition of the treatments, doses, timing, frequencies, etc., for each fruit tree species.
